The possibility of wide-spread use of clean energy sources has propelled research for the development of highly efficient energy storage devices. The rechargeable lithium ion battery is one such example of storage device with potential for high capacity and reliability 1 . The performance of Li-ion based devices is determined by the electronic, structural and mechanical properties of the components that form the electrodes and those of the electrolytes.
Graphite and non-graphitic carbon structures are at present the most commercially viable anode materials in these batteries 2 . Carbon-based materials show reversible capacities of 450 mAh/g, with graphite delivering 372 mAh/g 3 . Advances in experimental methods are making it possible to build assemblies with one to few layers of graphene (G), and to explore their capability as anode electrodes. This level of structural control opens the possibility for large gains in the capacity and reliability of devices based on carefully engineered layered heterostructures. Recent experiments have successfully reported intercalation of Li in graphene bilayers 4, 5 , and one study has demonstrated that doping is also possible in heterostructures with graphene/hexagonal boron-nitride (hBN) interfaces 4 . To take advantage of the properties of these materials as negative electrodes in a Li battery, it is crucial to understand the intercalation/doping mechanism and the corresponding electronic structure of these layered assemblies. First-principles electronic structure calculations can determine the electronic and structural properties of these materials under controlled conditions which eliminate the effects of the ambient environment, side reactions, contamination and defects.
Previous works studied the electronic and structural changes at different stages of Li intercalation in graphite 6-8 and few-layer graphene 9-12 . Park et. al. 13 studied intercalation of metal atoms at the G/hBN interface, considered as an extrinsic defect at very low concentration of dopants. The inclusion of a large number of metal atoms between the van der Waals (vdW) bonded layers disrupts the nature of the interaction between layers and makes simple models unreliable in predicting their properties. A detailed theoretical understanding of the origin of the energetic and structural stability of intercalated structures, and the changes induced by intercalation to their electronic properties is necessary to guide further progress in the design of devices.
We have carried out detailed first-principles Density Functional Theoretical (DFT) calculations on bilayer G, bilayer hBN and G/hBN hetero-bilayers with varying concentration of Li to determine the effects of intercalation on the electronic and structural properties of these vdW-bonded layered structures. We determine the reaction potential and intercala- symmetrically inequivalent configurations, we henceforth limit our discussions only to the energetically most stable configuration at each concentration.
To estimate the energetic stability of the different configurations, we determined the intercalation energy per Li atom (E I ) and the reaction potential (E R ). E R is the average potential for extracting Li from a material. E I and E R are defined as
where, E(Li x M) is the energy of Li intercalated with concentration x in M [for the G/G structure, M= C 12 , for hBN/hBN, M= (BN) 6 , for G/hBN, M= C 6 (BN) 3 ], E(Li) is the energy of a Li atom in bulk Li, and n is the number of Li atoms. The configuration is stable if both conditions, E I <0 and E R >0, are satisfied.
We consider first intercalation between two graphene layers. The properties of graphene multilayers depend on the stacking sequence, which can impact the intercalation of Li in these structures. To study the effect of Li intercalation on the stacking of the bilayers, we have considered both AA and AB stacking for all interfaces (see Fig. 1 ). In configuration in AA stacking is 0.3 eV energetically more stable than AB stacking. The structural relaxation of the graphene bilayer with Li for x>1, indicates that the two layers get displaced relative to eachother to achieve AA stacking 11 , even though the pure graphene bilayer is most stable in the AB stacked structure. The energetic stability of the AA stacked intercalated bilayer is due to the fact that Li atoms occupy the hollow sites between the layers in AA stacking 9,10 , which decreases the interlayer separation d (as compared to AB stacking) and lowers the energy (see Fig. 2 ). We shall henceforth restrict our discussion to 2) clearly show that Li does not intercalate into the hBN bilayer for x ≥ 0.25. This is because each Li transfers 0.88ē of charge into the hBN layer, and since hBN is an insulator the configuration becomes unstable. Here again the interplanar separation increases as the Li concentration increases (see Fig. 2 ). Li may intercalate into this bilayer but the amount of intercalation will be negligible compared to the amount in G layers or G/hBN interfaces.
In order to estimate the amount of charge transferred by Li into a single layer of graphene, a useful reference structure, we also carried out a systematic study of the adsorption energy (E A ) and reaction potential with varying concentration of Li on a graphene monolayer.
None of the symmetry inequivalent configurations show energetically favorable adsorption 9 at any concentration of Li (see Fig. 2 ). This suggests that though Li intercalates favorably in bilayers with one or both layers being graphene (the G/G or G/hBN systems), single layer graphene is unfavorble for adsorption of Li at x ≥ 0.25. Lee et. al. 9 also reported no absorption of Li on monolayer graphene. The Li-graphene distance increases from 1.75Å to 1.87Å in going from x= 0.25 to x= 1 (see Fig. 2 ). Interestingly, the charge transfer decreases from 0.9ē to 0.66ē (in agreement with Ref. To understand the effect of intercalation on the dielectric properties, we carried out calculations of the pure structures and those with doping of the same level as in the systems discussed here, but restricted to a primitive unit cell of the pure system to circumvent the computational cost of larger supercells (details will be discussed in a separate paper). The comparison between dielectric functions of the doped G bilayer, the monolayer graphene and the G/hBN bilayer at appropriate relaxation times of 34.2 fs and 101 fs for bilayer and monolayer graphene 26 , reveals that conduction electrons transferred from Li give rise to a Drude peak with negative ǫ R for frequencies in the IR and visible range, suggesting the possibility of potential applications in plasmonic devices. We note that due to interaction between the layers in bilayered or multi-layered systems, the the relaxation time is smaller which gives rise to larger losses (confirmed by our calculations). In Fig. 3 
